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Hypernuclei based on chiral interactions
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We presentA separation energies for light hypernuclei based on chiral hyperon-nucleon interactions up to next-to-leading order. In the

first part, we consider several sources of uncertainties with a focus on using different realizations of chiral hyperon-nucleon interactions
to estimate three-baryon forces that enter at next-to-next-to leading order. We also demonstrate that the similarity renormalization group
evolution of the hyperon-nucleon interactions induces a strong variation of the separation energies. The energies are however strongly
correlated which allows one to define a preferred similarity renormalization group parameter for which hypernuclear binding energies can
be predicted reliably. With these insights, we present in the second part three examples of recent applications of chiral interactions to

hypernuclei. In the first application, we study the predictions4oe= 4 and A = 7 hypernuclei based on the version of the hyperon-

nucleon interaction that yields a large hypertriton binding energy as suggested by the recent experiment of the STAR collaboration. The first

predictions forA = 4 — 6 strangenes§ = —2 hypernuclei are discussed in the second application. Finally, in the third application, we use
the charge-symmetry breaking af= 4 A separation energies to constrain theeutron interaction.
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1. Introduction energies of hypernuclei are in the focus of several experimen-
tal programs at J-PARC, FAIR, MAMI and JLab [13-17].

Hyperons play an important role in nuclear as well as astro- Despite the scarcity of the data, BB interactions have
physics [1]. Especially, the possibly important contributionPeen developed since many years. In the past, the models
of hyperons to neutron stars has been of high interest revere mostly based on one-boson exchanges and, in addition,
cently [2-5] and is commmonly refered to as hyperon puzzidlavor SU(3) symmetry was employed to relate some param-
since a softening of the nuclear equation of state due to hyeters to nucleon-nucleon (NN) scattering [18-23]. In order

perons is in contradiction to the observation of neutrons star avoid any model assumptions and to enable reliable esti-
with masses larger than two solar masses [6-8]. mates of the theoretical uncertainty, chiral effective field the-

In order to progress, it is important to understand the T (ChEFT) has been used inrecent years to develop new BB

: . . interactions [24—26]. For the NN system, the data up to the
teractions of hyperons with nucleons or hyperons siaag,

. - ion production threshold can be described essentially per-
the presence of hyperons in neutron matter sensitively de?ectly [27,28]. Up to next-to-leading order (NLO), the exten-
pends on the properties of the underlying interactions [9]. L '

sion to YN and YY systems has also been achieved [29-33].
Besides this phenomenological interest, hyperon-nucleopgain, flavorSU(3) symmetry has been exploited to mini-
(YN) and hyperon-hyperon (YY) interactions are also con-mize the number of short distance parameters, so called low
ceptually interesting. Compared to nucleon-nucleon (NN)energy constants (LECs). Still, a unique determination of
interactions, particle conversion processes (Iik& or AA-  these LECs is not possible because of the scarce data [33].

=N conversion) induqe !nteresting dependencies on isospin. However, nowadays reliable predictions for light hyper-
In some cases, multi-pion exchanges become even longek ciear systems are possible based on these realistic interac-
ranged than the leading one-boson exchange. Studying YWNons including particle conversions and tensor forces. The
and YY interactions also give experimental access to the iMgomparison to hypernuclear data is already used and will al-
pact of explicit chiral symmetry breaking of baryon-baryon o, tq further improve such interactions in the futueeg, the
(BB) interactions. binding energy of the lightest hypernucleus, {fi¢, has been

On the other hand, information on these interactions isemployed in many YN interactions to determine the relative
rather limited since scattering data involving hyperons isstrength of the spi¥ = 0 andS = 1 AN interaction that can-
scarce. This situation triggered several experimental pronot be obtained by the available spin-independéviscatter-
grams. Thereby, a direct measurement of scattering obsering data. In the future, more hypernuclear data will be used
ables,e.g. differential cross sections, is demanding and will to further constraint interactions. In this contribution, we will
not be possible for most YN and YY systems. Neverthelesspresent some first steps into this direction. We start in Sec. 2
first new results have recently appeared and are providingith an estimate for possible three-baryon force (3BF) contri-
new constraints for the development of interactions [10, 11]butions to hypernuclear observables. Such contributions are
Another important source of information is hypernuclei, seehigher order in the chiral expansion of the BB interaction. At
e.g.[12]. Therefore, also the spectroscopy and the bindinghis point, they limit the accuracy of our predictions which is
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important for a better understanding of the later results. Reand triplet scattering length for one cutoff of the YN inter-
lated to this is the size of interactions that are induced by soaction and predict hypertriton binding energies for the other
called similarity renormalization group (SRG) evolutions of cutoffs. The differences of the hypertriton binding energy
hypernuclear interactions. In Sec. 3, we discuss a strong lirebtained are of the order of 40 keV [33] which is compara-
ear correlation of binding energies related by such SRG evadsle to the experimental uncertainty of 50 keV for the same
lutions. This allows us to use SRG to facilitate calculationsobservable [41,42].
using the Jacobi no-core shell model [34-36]. After these Additionally, we devised two different realizations of
general remarks, we explicitly study how an increased hy¥YN interactions that are essentially phase shift equivalent:
pertriton binding energy changes the spin dependence of YNILO13 [31] and NLO19 [33]. Despite their similar predic-
interactions and how this affects other hypernuclear bindingions for YN observables, their non-observable potential ma-
energies in Sec. 4. In the next section, we turn to first predictrix elements differ significantly. Especially, the strength of
tions for.S = —2 hypernuclei and relate the binding energy the A-X transition potential is different. Therefore, any dif-
for ,$He to the one for,3He/,3H and ,1He. Finally, in  ferences in predictions for systems larger tiais- 2 can be
Sec. 6, we use the charge symmetry breaking (CSB) splittingeen as an indication of 3BF effects. For the hypertriton, the
of 4H/} He to pin down the difference of th&-proton (\p) energies again differ only by 40 keV [33]. Therefore, at this
andA-neutron (\n) interaction and predict th&n scattering  point, the results indicate that 3BFs can be neglected for the
length. We conclude and give an outlook in Sec. 7. determination of the YN spin dependence at this point.

With the two realizations at hand, it is now also possi-
. . ble to quantify the 3BF contributions to other observables. In
2. Estimating 3BFs Fig. 1, we show as an example the single particle potential

All calculations presented here are based on chiral NN, YNPf 2 (1eft) and X (right) in nuclear matter depending on the
and YY interactions. If not stated otherwise, the semilocal':erml momentum. For the single particle potential, one ob-

momentum space (SMS) regularized chiral interaction at orS€/Ves that predictions for NLO13 and NLO19 are very sim-

der N'LO with a cutoff of 450 MeV [28] is used for the NN ilar. We therefore can expect small contributions from 3BFs.
interaction. In contrast, the highest order of the YN and yyFor theA, the situation is different. At Fermi momenta above

1 L . :
interaction used is NLO. Since 3BFs contribute only startingl:O fm ' t'he.];c)_redmnons_bec.omefmore and more :jn‘ferent In-
from order N.LO [37—39], we do not need to take 3BFs into dicating significant contributions from 3BFs. For lower den-

account. However. it is well known that the contribution of sities, the predictions are still similar. This is consistent with

three-nucleon forces (3NFs) are somewhat more visible thal'® €Xpectation that 3BFs are less important for very light
that of NN interactions of order NLO. This is probably re- nyPernuclei like the hypertriton.

lated to the fact that light nuclei binding energies are corre- " summary, the two different”realizations of chiral in-
lated to the*H binding energy. The addition of the leading teractions, NLO13 and NLO19, allow one to better quantify

3NF is therefore generally used to fix this binding energy touncertainties of predictions due to missing higher order inter-

the experimental value which automatically improves othe2Ctions. We will make use of this possibility below.
binding energies [40]. In practice, the model dependent con-
tribution of 3NFs to the binding energy éH is of the order 3. SRG evolution for hypernuclear interac-

of 500 keV which is approximately 10% of the binding en- tions
ergy of this nucleus with respect to break up?id and a
neutron. Our tool for predictions of hypernuclei with > 4 is the Ja-

An interesting question is how important such 3BFs arecobi NCSM [34, 35]. In this approach, the Sédinger equa-

for the binding energies of hypernuclei. The difference oftion is solved using a harmonic oscillator (HO) basis. Be-
the energies of the nuclear core of a hypernucleus and theause of the short-distance repulsion of realistic BB interac-
hypernucleus, the so-calledseparation energies, can be astions, directly using these interactions requires prohibitively
small as 130 keV fof, H. For this weakly bound system, par- large model spaces. Therefore, for the NCSM and also other
ticles are generally far apart so that one may naively expeanhany-body techniques, the interactions need to be softened
small contributions of 3BFs to the separation energy. On that short distances without changing the description of YN
other hand, subtle contribution can change such small sepéer YY) observables. Nowadays, the standard tool for this
ration energies significantly. As mentioned in the introduc-is a similarity renormalization group (SRG) evolution of the
tion, the binding energy ofH is often used to determine interactions [43]. Such an evolution induces not only two-
the spin dependence of YN interactions which can only workbaryon but also multi-baryon interactions. Unfortunately, as
reliably if 3BF contributions are insignificant (or well under- is well known, especially the induced 3BFs are very impor-
stood). The most direct estimate of such 3BF contributiongant for A-hypernuclei [44]. This is surprising since the corre-
will be a direct calculation based on the formulation of thesponding 3NFs are comparable in size to the 3NFs predicted
leading 3BFs [37]. This is still work in progress, therefore, by ChEFT [45]. For YNN interactions, the induced interac-
we rely here on an indirect approach. We fix thl singlet  tions are clearly larger than expected so that they can gen-
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FIGURE 1. Single particle potential for momentupy- = 0 depending on the Fermi momentum in symmetric nuclear matte¥ {teft) and

3. (right). The red (dark) bands are results for NLO13 and the cyan (light) bands result for NLO19 with cutoffs in the range between 500 and
650 MeV. For a comparison, also results fatidh '04 [21] (dashed blue line) and Nijmegen SC97f [20] (dotted black line) are given. The
black bars indicate the empirical value [1].

erally not be omitted at order NLO. This manifests itself asaccuracy. This indicates that the induced 3BF can be param-
a strong dependence on the SRG paramktey. Wirth et  eterized by a single parameter. We have then observed that
al. have therefore included SRG-induced YNN interactionsfor each interaction, one can find a value fgry for which
in their NCSM calculations [44, 46, 47]. In order to reduce the binding energy of He is described in agreement with ex-
the computational complexity of the problem, we have so faperiment. For NLO19(600) this special, “magic” parameter
not used induced YNN interactions in our Jacobi NCSM cal-is A\y y = 0.836 fm~!. For A = 3 and A = 4 hypernuclei,
culations. This became possible after we observed that therge are able to compare to calculations using the bare interac-
is a strong correlation of binding energies of light hypernu-tions without SRG evolution [33] and find that the results are
clei [35]. in agreement with each other within the size of expected chi-
Two examples of this correlation are shown in Fig. 2. Theral 3BFs. Therefore, our predictions for the hypertriton are in
linear correlation of separation energies is fulfilled with highgood agreement with experiment. For the= 0+ state of
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FIGURE 2. Correlation ofA separation energies with the one’dfie for the Idaho-N3LO(500) NN interaction [48] and the NLO19(600)

YN interaction. Left: ground states ¢fHe (blue circlesi{H (red triangles). Right:iLi (red triangles). The numerical uncertainty is
indicated by black error bars. The lines are linear fits to the numerical calculations. The experimental values (black stars and boxes) are takel
from [42,49]. Energies are given in MeV. The SRG parameters are indicated as annotation and giveh in fm
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FIGURE 3. Left: Level scheme of Li based on SRG evolved YN interactions at NLO. The levels are related to the levels‘fi there.

For all calculations)y x has been chosen such thade is correctly predicted. The grey bands show the dependence on the chiral cutoffs.
Right: AA excess energy foriHe depending on the SRG paramelgry. The upper blue symbols are for the LO, the lower red symbols
are for the NLO interaction for a 600 MeV cutoff. Lines are added to guide the eye. Error bars indicate the numerical uncertainty.

A = 4 hypernuclei, the agreement is less good. However, foon the left hand side of Fig. 3. Due to the missing 3NFs,
these hypernucleus, sizable chiral 3BFs can be expected [33he excitation energy ofLi is not correctly reproduced in
The agreement for thé = 11 is somewhat better although these calculations. Since the splittings on th@*+-3/2*
similarly large chiral 3BFs might contribute. For more com- and5/2%-7/2% doublets is not affected by this shortcoming,
plex nuclei, we have to rely on predictions based on SRG comparison of these splittings to experiment is still use-
evolved interactions. As can be seen on the right hand sidiil. For the standard interactions, NLO13 and NLO19, the
of the figure, there is a favorable agreement with experimensplittings are correctly reproduced although the interaction
for 7Li. Note, however, that the experimental results basediependence is visible indicating again visible 3BF contribu-
on emulsion and counter experiments are sometimes in cotions to this quantity. Using the new interactions NLO19a,b
tradiction to each other [50]. and c, leads to a significantly increased splitting. The larger
In the following, we will always use these magic cutoffs splitting is not supported by experiment, however, the over-

for predictions for single\ hypernuclei when SRG evolved all deviations are small given the visible 3BF contributions.
interactions are necessary. Therefore, the results fdLi do not contradict an increased

hypertriton binding energy. It will be interesting to add chi-

ral and induced 3BFs to such calculations in the future since
4. Impact of an increased hypertriton binding  smaller uncertainties can be expected in this case.

energy

5. Light S = —2 hypernuclei
As mentioned in the introduction, th& separation energy
of 3H is important to determine the spin dependence of YNThe second example are strangen§ss: —2 hypernuclei.
interactions. In NLO13 and NLO19, the long standing exper-Based on chiral YY interactions [30, 32,53], we recently pre-
imental value ofE, = 130 + 50 keV [41] has been used to dicted binding energies fof$He, ,iHe and, 1 H [36]. The
this aim. Recently, the STAR collaboration published theircalculations were done using the Jacobi NCSM and therefore
measurement resulting ifi, = 410 + 120 keV [51]. Such rely on SRG evolutions of the interactions. We ensured a
a large value can only be accommodated by increasing theealistic description on the singlé core nuclei by choos-
singletAN scattering length significantly. Based on NLO19, ing again the magic\y . Fortunately, it turned out that
we have therefore devised a series of interactions NLO19dhe dependence of the binding energy on the corresponding
NLO19b and NLO19c that still describe all available low en- parameter\yy for the S = —2 two-body interactions is
ergy scattering data well but predict much larger singlet scatsmall for these doubl& hypernuclei as can be seen on the
tering lengths [52] leading to increased hypertriton bindingright hand side of Fig. 3. The strength of the bond in the
energies comparable to the new STAR value. We then studA A system is commonly quantified by thie\ excess energy
ied in detail forA = 4 andA = 7 how such a change af- ABy =2E (*'X) - E (4,#X) — E (A72X). For ,$He,
fects theA separation energies for other hypernuclei. To ourthis energy is experimentally well established [54, 55]. We
surprise, forA = 4, the agreement with experiment is even found that the LO interaction overbinds these systems signif-
improved compared to the standard NLO13 and NLO19 preicantly but that the NLO interaction leads to a quite realistic
dictions. The predictions for the spectrumidfi are shown  excess energy, 3 He and, 3 H have not been experimentally
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the YN interactions based on various cutoffs between 500
TaBLE |. Predictions for singlet, and tripleta; scattering length ~ and 650 MeV. The predicted scattering length turn out to be
in the Ap and An systems for different charge symmetry breaking highly independent of the realization of the chiral interac-
interactions. The scattering lengths are given in fm. tion. For the currently accepted experimental values for the
aln two splittings, we find that the triplet scattering length is only
slightly changed by the CSB interaction. The singlet one is

force alr al? aln

NLO13(500) -2.60 -1.65 -3.27 -1.56 . .
more affected leading to a largarn scattering length as can

NLO13(550) "2.59 -1.55 -3.29 147 peen seen in Table I. Given that a direct measurementof
NLO13(600) -2.59 -1.57 -3.29 -1.49 scattering is impossible in the foreseeable future and that this
NLO13(650) -2.59 -1.54 -3.27 -1.45 interaction is of utmost importance for the properties\ah
NLO19(500) 265 158 3.20 1.47 ?heutrolr'lttmattefr, rgaw ezael_rliments th'?t reduc? u?cc(a)rtaintielzs of

) i ) ) e splittings fory H and§ He are quite important. Our cal-
NLO19(550) 2.64 1.52 3.21 1.41 culations show that the theoretical uncertainties for the scat-
NLO19(600) -2.63 -147 -3.23 136 tering lengths are small. In contrast, the experimental uncer-
NLO19(650) -2.62 -1.46 -3.23 -1.37 tainties lead to significant uncertainties of our predictions for

the scattering lengths. These are not reflected in Table I.
observed yet which triggers the question whether these hy-
pernuclei are bound. Based on more simplified interactions )
it was found that, R He is bound whereag} H is most likely . Conclusion and outlook
not bound [56-59]. Our calculations confirm these resultﬁ lusi h h that h lei id
now for a realistic interaction that fulfills all constraints due . "¢ usmér;,. we lave shown f a ypercr;uc €l can provide
to the scarces — —2 data. In contrast to Ref. [57], we find |mportar_1ta itional constraints for YN and YY interactions.
that the excess energy is larger fér= 5 than for A = 6. The available YN and YY data alone do not completely de-

This might be related to the conversion processasys- termine these forces. Thereby, we have used realistic, chiral

=N that is part of the chiral interactions but has not beenmteractlons that are flexible to accommodate new data and

considered in [57]. Therefore, an observation,gHe and allow ‘fﬂ the same time to quantify gncertaint?es. Using the
its excess energy would provide important new insights into‘JaCObI NCSM, we are able to predmtsgparatlon energies
S — _92 BB interactions andA A excess energies for hypernuclei upAce= 7.
' The calculations still need to be further refined. First of
. . ) all, chiral 3BFs should be included and could be used to im-
6. CSBIinAN interactions prove the description off = 4 separation energies. At the
. . . . same time, SRG induced 3BFs need to be incorporated. Both
Finally, as the third example, we discuss CSB on the YN in- : : .
teract)ilon The observatign of the rather large difference Ogevelopments are currently in progress. With such improved
o . -~ . redictions, the study of CSB can extendeg-shell hyper-
the A separation energies @H and4 He indicated a specif- . : P .
icall Iarpe CSB of Yg intgactiong Dalitz and vanFIJ-H ol nuclei. Also a possible sensitivity pfshell hypernuclei te-
ylarg ' PPEl \vave YN interactions should be studied. With the upcoming

0. o X i
propose(:] thak"-A 'tﬂ.'g'rt].g eftfe(;g\éily Iteadst_to a(s((Z)SBsze new experimental data for light hypernuclei, we can expect a
pion exchange contribution to interaction [60]. IS much better understanding of BB interactions in the future.

mechanism is already part a&f,g, the Nijmegen SC97 inter-

actions [20]. It can, however, not fully explain the CSB in

A = 4 hypernuclei [61]. Clearly, the predictions for CSB Acknowledgement
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